ABSTRACT Recently, using a large low-redshift sample of Type Ia supernovae (SNe Ia), we discovered a relation between SN Ia ejecta velocity and intrinsic color that improves the distance precision of SNe Ia and reduces potential systematic biases related to dust reddening. No SN Ia cosmological results have yet made a correction for the "velocity-color" relation. To test the existence of such a relation and constrain its properties at high redshift, we examine a sample of 75 SNe Ia discovered and observed by the Sloan Digital Sky Survey-II (SDSS-II) Supernova Survey and Supernova Legacy Survey (SNLS). From each spectrum, we measure ejecta velocities at maximum brightness for the Ca H&K and Si II λ6355 features, v 0 Ca H&K and v 0 Si II , respectively. Using SN light-curve parameters, we determine the intrinsic B max − V max for each SN. Similar to what was found at low-redshift, we find that SNe Ia with higher ejecta velocity tend to be intrinsically redder than SNe Ia with lower ejecta velocity. The distributions of ejecta velocities for SNe Ia at low and high redshift are similar, indicating that current cosmological results should have little bias related to the velocity-color relation. Additionally, we find a slight (2.4-σ significant) trend between SN Ia ejecta velocity and host-galaxy mass such that SNe Ia in high-mass host galaxies tend to have lower ejecta velocities as probed by v 0 Ca H&K . These results emphasize the importance of spectroscopy for SN Ia cosmology.
INTRODUCTION
Type Ia supernovae (SNe Ia) are reasonable standard candles in the optical, with a dispersion in their peak magnitudes of ∼0.5 mag (e.g., Baade 1938; Kowal 1968 ). An empirical relation between the peak luminosity and light-curve shape (Phillips 1993 ) of a SN Ia combined with accounting for host-galaxy dust extinction (Riess et al. 1996) standardizes SN Ia luminosities such that after corrections, the dispersion in peak magnitudes is ∼0.15 mag in the optical (e.g., Hicken et al. 2009a) . Recently, we discovered that after accounting for the "width-luminosity" relation, low-redshift SNe Ia with higher-velocity ejecta tend to be intrinsically redder than those with lower-velocity ejecta (Foley & Kasen 2011, hereafter FK11) , which can improve SN Ia distance precision by a factor of ∼2. We also presented a method to correct for this intrinsic color difference when there is a measurement of either the Ca II H&K or Si II λ6355 velocities (v Ca H&K and v Si II , respectively) near maximum brightness (Foley et al. 2011, hereafter FSK11) , which are proxies for the velocity of all ejecta in the direction of our line of sight. The combination of the widthluminosity and "velocity-color" relations make SNe Ia standardizable candles and crayons.
The distance precision achieved after correcting for light-curve shape and observed color is adequate to determine that the expansion of the Universe is accelerating (Riess et al. 1998; Perlmutter et al. 1999 ) and constrain the equation-of-state parameter of dark energy, w (Wood-Vasey et al. 2007; Riess et al. 2007; Hicken et al. 2009b; Kessler et al. 2009; Amanullah et al. 1 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.
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; Conley et al. 2011; Sullivan et al. 2011) . However, neglecting the relation between ejecta velocity and intrinsic color can potentially bias cosmological results at a level that will significantly bias measurements of w. Cosmological parameter measurement with SNe Ia uses differential distance measurements, such that assuming an incorrect SN Ia intrinsic color will not bias results as long as the intrinsic color distribution (and particularly the average) does not change with redshift. If the average intrinsic color changes with redshift, then the color offset will result in an incorrect measurement of hostgalaxy extinction, and thus a biased average distance. Since the intrinsic color difference between low and highvelocity SNe Ia is ∼0.1 mag (FK11), extremely different low and high-redshift populations could result in up to a ∼0.15 mag bias in distance measurements. Thus far, the velocity-color relation has not been tested at high redshift.
The velocity-color relation is also linked to several aspects of SN explosion physics. First, v Si II is strongly correlated with its velocity gradient,v Si II (FSK11). Maeda et al. (2010) found thatv Si II and velocity offset of nebular lines at late times were correlated, indicating an asymmetric explosion as the origin of the velocity differences. Maeda et al. (2011) found thatv Si II was correlated with intrinsic color, supporting the results of FK11. The polarization of the Si II λ6355 feature, which probes asymmetry in the outer ejecta, is also correlated with velocity (Leonard et al. 2005; Maund et al. 2010) . Ganeshalingam et al. (2011) found that SNe Ia with higher-velocity tend to have shorter B-band rise times than lower-velocity SNe Ia.
In the Chandrasekhar-mass spherically symmetric explosion model, the kinetic energy of the ejecta is proportional to the square of the velocity. More generally, the kinetic energy per unit mass is proportional the square of the velocity. However, once spherical symmetry is broken, an additional factor relating the measured velocity to the average velocity is necessary to link kinetic energy and velocity (e.g., Kasen & Plewa 2007) . Nonetheless, Velocity information may be an effective way to answer questions about SN Ia progenitor systems and explosion physics. Measuring these properties at high redshift has the potential to provide additional information for understanding SN Ia explosion physics and the progenitor question.
High-redshift SNe Ia are relatively faint, and 8-m class telescopes are typically required to obtain spectra. There are now hundreds of high-redshift SN Ia spectra (e.g., Coil et al. 2000; Hook et al. 2005; Howell et al. 2005; Matheson et al. 2005; Bronder et al. 2008; Ellis et al. 2008; Zheng et al. 2008; Balland et al. 2009; Foley et al. 2009 Foley et al. , 2010 Konishi et al. 2011; Östman et al. 2011; Walker et al. 2011 ). Because of their faintness and the scarcity of large-aperture telescope time, spectral time series of high-redshift SNe Ia are rarely obtained. Previous studies have shown that the ensembles of low and high-redshift SNe Ia have similar spectral evolution (e.g., Blondin et al. 2006; Bronder et al. 2008; Foley et al. 2008) . Under the assumption that the low and high-redshift SNe Ia evolve in a similar fashion, a single near-maximum spectrum is adequate to examine the velocity-color relation (FSK11). There have been several high-redshift SN surveys, but to address the velocitycolor relation, which is a relatively small effect, it is best to use large, homogeneous samples. It is therefore best to focus on the recent ESSENCE (Miknaitis et al. 2007 ), Sloan Digital Sky Survey-II Supernovae Survey (SDSS-II; Frieman et al. 2008) , and Supernova Legacy Survey (SNLS; Astier et al. 2006) programs.
ESSENCE photometry consists of only two bands, and is therefore not well suited for separating intrinsic color and dust reddening. The current SDSS-II sample is relatively small (only 103 SNe Ia with published light curves), but has excellent multi-band light curves for most SNe and because of its intermediate redshift range (z 0.4), optical spectra typically cover both Ca H&K and Si II λ6355. SNLS has a large published sample of light curves (242 SNe Ia with measured light-curve properties) and spectra (330 publicly available spectra). Additionally, the SNLS SN Ia redshift range (0.4 z 1) is higher and complementary to the redshift range of SDSS-II, which could help see any potential redshift evolution in the velocity-color relation.
After correcting for light-curve shape and observed color, SN Ia absolute magnitudes (or equivalently, Hubble residuals) correlate with host-galaxy mass, morphology, and star-formation rate (Hicken et al. 2009b; Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010) . This empirical relation does not have an understood physical effect, although it could be host-galaxy dust properties, progenitor age, metallicity, or other effects (e.g., Höflich et al. 1998; Lentz et al. 2000; Röpke & Hillebrandt 2004; Mazzali & Podsiadlowski 2006; Conley et al. 2007; Sauer et al. 2008) . Since the low and high-redshift host-galaxy populations have different properties (both from selection effects and redshift evolution; Howell et al. 2007) , not accounting for this relation will bias cosmological results (Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010) .
In this paper, we perform an analysis of the combined SDSS-II and SNLS sample of SNe Ia and compare the sample to the FSK11 low-redshift sample to examine the velocity-color relation at high redshift. After making several practical and quality cuts, we obtain subsamples of the high-redshift sample with appropriate light-curve properties and well-determined maximumbrightness ejecta velocity measurements (Section 2). In Section 3, we measure v Ca H&K , v Si II , v 0 Ca H&K , and v 0 Si II for the high-redshift sample. In Section 4, we find no difference in the average velocity properties between the low and high-redshift samples; similar to SNe Ia in the low-redshift sample, higher-velocity SNe Ia in the high-redshift sample are observed to be redder than their lower-velocity counterparts; SNe Ia in the high-redshift sample with higher-velocity ejecta tend to be intrinsically redder, confirming the velocity-color relation at high redshift; and there is a marginal trend between ejecta velocity and host-galaxy mass. We summarize and conclude in Section 5.
SAMPLES
For our study, we use three samples of SNe Ia. The first is the high-redshift SNLS sample; the second is the intermediate-redshift SDSS-II sample. We merge the SDSS-II and SNLS samples to generate our high-redshift sample. The light curves of both the SDSS-II and SNLS samples were fit by Conley et al. (2011) , who provide a consistent set of light-curve parameters for all highredshift SNe. The last sample is the low-redshift sample of FSK11. We discuss the samples and our quality cuts below.
SNLS
With the release of the 3-year SNLS cosmology results (Guy et al. 2010; Conley et al. 2011; Sullivan et al. 2011) , the SNLS team also released the one-dimensional spectra for their sample 3 . Most of these spectra have been presented in various publications (Howell et al. 2005; Bronder et al. 2008; Ellis et al. 2008; Balland et al. 2009; Walker et al. 2011) ; however, several spectra have not been published. Details of the selection, observations, and spectral reductions can be found in the various SNLS spectroscopy references. In total, there are 330 spectra of 316 SNe Ia.
Although the spectroscopic sample is quite large, it must be considerably culled for our study. First, we require light curve information for our study (Guy et al. 2010) . Specifically, times of maximum brightness, lightcurve shape measurements, and some indication of the SN color are necessary. Many of the spectra are of SNe obtained after year 3 of SNLS, for which there are no published light curves, or have light curves that are not adequate for fitting, and thus do not have corresponding photometric measurements presented by Conley et al. (2011) . After matching to the photometry sample, we are left with 212 spectra of 205 SNe Ia, or 85% of the photometry sample. Specifically, the measurements must be made within −6 ≤ t ≤ 10 days and −4 ≤ t ≤ 9 days in the rest frame for v Si II and v Ca H&K , respectively. Additionally, FSK11 found that this relation held for SNe Ia with 1 ≤ ∆m 15 (B) ≤ 1.5 mag. This light-curve shape constraint was made to properly match the ∆m 15 (B) dispersion for the low-redshift low and high-velocity samples (Wang et al. 2009 ); however, the velocity relations hold for 0.9 ≤ ∆m 15 (B) ≤ 1.5 mag, and we use this range for our analysis to include more SNe. Using Equation 5 of Conley et al. (2008) , we can convert the ∆m 15 (B) ranges with minimum values of 1 and 0.9 mag to stretch ranges of 0.772 ≤ s ≤ 1 and 0.772 ≤ s ≤ 1.067, respectively. After making the phase and light-curve shape cuts, we are left with 106 and 115 spectra of 101 and 110 SNe Ia for v 0 Ca H&K and v 0 Si II , respectively. Although the SNLS sample of SN Ia spectra is of relatively good quality for high-redshift data, not all spectra are adequate for measuring ejecta velocities. We perform a visual inspection of all spectra to determine their fidelity and reject spectra that are noisy, have large sky residuals, have poor flux calibration, or other obvious problems. In addition, because of the redshift range of the sample and the wavelength range of the spectra, most spectra do not cover Si II λ6355 and some do not cover Ca H&K, thus precluding a measurement of their ejecta velocity from those lines. Finally, we use the criteria determined by FSK11 for determining if a v Ca H&K measurement indicates the true ejecta velocity or that of a high-velocity component and/or blend with another line (e.g., Si II λ3858; Kirshner et al. 1993; Nugent et al. 1997; Howell et al. 2006) . Specifically, we reject spectra with a visually apparent red shoulder in the line profile and spectra that have both f Ca = f λ (v Ca H&K + 9000 km s −1 )/f λ (v Ca H&K ) < 1.5 and v Ca H&K < −14, 000 km s −1 . After making the spectral quality cuts, we are left with 13 and 39 spectra of 13 and 38 SNe Ia for v 0 Si II and v 0 Ca H&K , respectively. A summary of the cuts and how they affect the sample are presented in Table 1 .
After making all cuts, we are left with 4% and 12% of the original sample for analysis of the Si II λ6355 and Ca H&K, respectively. We use 6% and 18% of the sample with photometric measurements. If we assume that photometric measurements will be provided in the future for the remaining sample and that the percentages measured here are representative of the full sample, then we can expect ∼6 and ∼18 additional spectra for the two measurements. A summary of the cuts and how they affect the sample are presented in Table 1 .
The Si II λ6355 feature is rarely measured for SNe in the SNLS sample. This results in the largest reduction for that feature. Future surveys which find more SNe Ia at z < 0.4 (approximately where the feature is redshifted beyond the optical range) should provide a significant number of SNe Ia where this feature can be observed with optical spectrographs. Alternatively, near-infrared spectroscopy could measure this feature at higher redshift. The number of spectra which pass all Ca H&K cuts is reduced by both the light-curve shape cut and the quality of the data. Additional investigations of the velocity evolution as a function of light-curve shape may help with the former cut. Longer exposure times for spectral observations (or larger-aperture telescopes) will help with the latter cut.
2.2. SDSS-II SDSS-II have released their first-year photometry (Holtzman et al. 2008) , spectroscopy (Zheng et al. 2008) , and cosmological results (Kessler et al. 2009 ). Some of the first-year spectra (along with additional data) are also presented by Foley et al. (2010) and Konishi et al. (2011) . Details of the SN photometry and spectral reductions can be found in those references. Details of the SN detection and selection for spectroscopic follow-up observations can be found in Sako et al. (2008) . Here, we use the Zheng et al. (2008) compilation, which has 181 spectra of 131 SNe Ia.
The sample was culled using the same criteria outlined for the SNLS sample. Requiring photometric measurements reduced the sample to 99 spectra of 92 SNe Ia. Our light-curve shape and phase cut further reduced the sample to 47 spectra of 39 SNe Ia and 53 spectra of 44 SNe Ia for v Table 1 .
Combined High-Redshift Sample
Combining the SDSS-II and SNLS samples, we generate our high-redshift sample. This sample consists of 58 spectra with good v 0 Ca H&K measurements for 54 SNe Ia with appropriate light-curve parameters. There are also 46 spectra with good v 0 Si II measurements for 40 SNe Ia with appropriate light-curve parameters in our high-redshift sample. There are a total of 75 highredshift SNe Ia with at least one of the two ejecta velocities measured.
We present distributions of the stretch, SiFTO C (Conley et al. 2008) , redshift, and host-galaxy mass for the full high-redshift, light-curve shape-cut high-redshift, v Ca H&K high-redshift samples were scaled such that the peaks of their histograms match the peaks of the lightcurve shape-cut high-redshift sample histograms. Comparing the subsamples using Kolmogorov-Smirnov (K-S) tests shows that the subsamples with velocity information are mostly consistent with being drawn from the same parent population as the light-curve shape-cut high-redshift sample (all have p-values >0.1). The single exception is the v 0 Si II sample in regard to redshift, which has a K-S p value of 7 × 10 −11 . The results of the K-S tests are similar when comparing the velocity subsamples to the full SNLS+SDSS sample except the stretch distributions are significantly different (p < 1 × 10 −5 ). Therefore, the velocity subsamples appear to be reasonable representations of the light-curve shape-cut highredshift sample. (145) 168 (154) 47 (39) 53 (44) 106 (101) 115 (110) Spectrum Quality 58 (54) 46 (40) 19 (16) 33 (27) 39 (38) 13 (13) Note. -Number of spectra and SNe are presented without and with parentheses, respectively. A table of all high-redshift SNe/spectra which pass our cuts, their light-curve measurements, and their ejecta velocity measurements can be found in Table 2. 2.4. FSK11 FSK11 presented photometric and spectroscopic properties for a large sample of low-redshift SNe Ia. The spectroscopic sample was largely taken from the CfA Supernova Program (Matheson et al. 2008; S. Blondin et al., in preparation) . The photometry was taken from the CfA3 (Hicken et al. 2009a ) and LOSS (Ganeshalingam et al. 2011) 
EJECTA VELOCITY
Using the method of Blondin et al. (2006) , we measure v Si II and v Ca H&K for the high-redshift sample. Briefly, the spectra are deredshifted and smoothed using an inverse-variance-weighted Gaussian filter. The smoothed spectra are resampled on a fine wavelength scale with wavelength bins of 0.1Å. The minimum of each feature (corresponding to the wavelength of maximum absorption) is recorded, and a velocity is measured using the relativistic Doppler formula. The uncertainty in the velocity measurements include the uncertainty of determining the wavelength of maximum absorption, dif-ferences for assuming different smoothing scales, and redshift uncertainties. We exclude spectra that are of low quality and v Ca H&K measurements according to the criteria of FSK11 and outlined above.
The velocity inferred from the minimum of a spectral feature does not necessarily correspond to the "photospheric" velocity of the ejecta. If the line is saturated, the velocity measured from that line will be higher than that of the photospheric velocity. However, if the density profiles of the element responsible for the the spectral line is smooth with radius, the velocity inferred from the line is physically meaningful and a good proxy for the overall ejecta kinematics. The Ca H&K and Si II λ6355 features both have smooth velocity evolution with time for most SNe over the phase range we use in this study (FSK11), and therefore, v Si II and v Ca H&K are good proxies for the overall ejecta velocity.
High-redshift SN Ia spectra tend to have much more galaxy contamination than those from SNe Ia at low redshift (Foley et al. 2008) . High-redshift SN Ia spectra also tend to have a lower signal-to-noise ratio (S/N). We examined the possibility of lower S/N and higher galaxycontamination biasing velocity measurements. Performing a Monte Carlo simulation which added various amounts of noise and galaxy contamination (from several different galaxy templates) to several SN Ia spectra found that there is a slight bias of ∼200 km s −1 to lower velocities with extreme galaxy contamination and relatively low S/N. Visual inspection of the spectra in the high-redshift sample that pass all of our cuts indicates that none have significant galaxy contamination, and thus any bias should be significantly less than our overall measurement uncertainty.
The SNLS has performed several spectroscopic studies, but only one, Bronder et al. (2008) , provided ejecta velocity measurements. Bronder et al. (2008) only measure v Ca H&K , but did so by fitting a Gaussian to a 60-Å smoothed spectrum. This method is different from our method, and can provide significantly different velocity measurements if there are multiple components to the Ca H&K feature. Figure 2 compares the velocity measured by Bronder et al. (2008) to our measured velocity. The grey symbols are for all spectra with measurements in both samples, while the black symbols are for the spectra which pass all of our cuts. There is general agreement between the two studies; however for the spectra that do not pass all of our cuts, the Bronder et al. (2008) measurements span a smaller velocity range for the full sample. This is likely the result of the Gaussian fitting, which will tend to find an intermediate velocity if there are two velocity components. Our quality cuts typically reject such spectra (even if it provides a more accurate measurement of the velocity). All spectra which pass our quality cuts have consistent velocity measurements from both studies.
The SDSS-II survey also has several spectroscopic studies, but none present tabulated line velocities for a direct comparison.
As a SN photosphere recedes in velocity space with time, the ejecta velocity as measured from spectral features also decreases. Since spectra are obtained at various phases, a correction for this temporal evolution must be made to properly compare different SNe. FSK11 The grey symbols are for all spectra for which a velocity was measured for both studies, including those that do not pass our quality cuts. The black symbols are for the 5 spectra from Bronder et al. (2008) that pass all of our cuts.
provides a prescription for making this correction. Using the time of maximum brightness measured from the light curves, along with the measurements of v Si II and v Ca H&K , the high-redshift ejecta velocities are corrected to maximum brightness -v 0 Si II and v 0 Ca H&K -using Equations 5 and 7 of FSK11. Uncertainties for these measurements include both the velocity uncertainties and the scatter in the relations. These measurements are provided in Table 2 .
There are a handful of SNe with multiple spectra which pass our phase and quality cuts. Each of these spectra provide an independent measurement of the maximumbrightness ejecta velocity. In these cases, we choose the higher-quality spectrum to provide the adopted measurement. In cases where the difference in quality is not obvious, we choose the spectrum closer to maximum brightness, as was done by FSK11.
A table of all high-redshift SNe/spectra, light-curve measurements, and ejecta velocity measurements can be found in Table 2 .
All measurements for the FSK11 sample are presented there.
RESULTS

Velocity Distributions
The FK11 relation between ejecta velocity and lightcurve shape has significant implications for SN Ia cosmology. First, measuring ejecta velocity should improve the precision and accuracy of SN Ia distance measurements. However, since cosmological measurements are made from differential SN Ia distances, ignoring this effect biases cosmological results if either the low and highredshift samples have different velocity distributions (and thus different intrinsic color distributions), or if the relation evolves with redshift.
If the intrinsic color distributions are different such that the average intrinsic color is different for low and high redshift, then the differential extinction correction will be incorrect. To test this possibility, we compare the velocity distributions of the FSK11 and high-redshift samples. The FSK11 sample may not completely overlap with the Conley et al. (2011) low-redshift cosmology sample, but it is representative of the observed lowredshift population. Similarly, the culled high-redshift sample presented here should be representative of the full high-redshift sample (with the same light-curve parameters). To mitigate any possible correlation between highly reddened SNe Ia (which are not found at high redshift) and velocity, we remove all SNe Ia with B max − V max > 0.4 mag from the FSK11 sample. There is no significant velocity offset between the low and high-redshift samples. As will be shown in Section 4.2, ejecta velocity and intrinsic color are correlated for our high-redshift sample. Assuming that the relations between ejecta velocity and intrinsic color are the same at low and high redshift and since the low and high-redshift samples have similar ejecta velocity distributions, it is unlikely that the low and high-redshift samples have significantly different intrinsic colors. Therefore, it is unlikely that cosmological measurements are highly biased by not accounting for the velocity-color relation. However, the high-redshift samples are still small, and even a small offset could affect cosmological measurements. Future surveys and studies should consider the possibility of a difference in low and high-redshift SN Ia ejecta velocities.
Correlation Between Ejecta Velocity and Color
FK11 showed that SNe Ia with high ejecta velocity (as determined by Si II λ6355) have redder intrinsic B max − V max colors than SNe Ia with low ejecta velocity. FSK11 showed this relation held when using Ca H&K to determine ejecta velocity and further showed that a linear function adequately describes the relation between intrinsic B max − V max ((B max − V max ) 0 ) and v 0 Si II . Here, we test the relation between ejecta velocity and intrinsic color for the high-redshift sample. If this relation evolves with redshift, cosmological measurements can be significantly affected.
Unfortunately, there are no published measurements of B max −V max for the high-redshift sample. However, there are measurements of C, the color parameter from SiFTO (Conley et al. 2008 ). SiFTO does not attempt to distinguish intrinsic color and dust extinction, and parameterizes differences in apparent color as a single parameter, C. Examining this parameter is similar to examining an observed B max − V max . The high-redshift sample consists of SNe Ia with little to no dust reddening. Therefore, using C as a proxy for intrinsic color is a reasonable first approximation. Si II and C is real at high redshift. As mentioned above, C is a reasonable proxy for the observed SN color. Using the intersection of the lowredshift sample used by Conley et al. (2011) and the FSK11 sample, we are able to determine a relation between C and B max − V max . The measurements for the 41 SNe Ia in both samples with our adopted ∆m 15 (B) range are presented in Figure 6 . The two quantities are highly correlated and a linear fit to the data provides the following relation:
If one uses all 65 SNe Ia in the matched sample, the relation is statistically equivalent. Since the two quantities are highly correlated, v 0 Ca H&K is also highly correlated with B max − V max for the high-redshift sample.
Using the measurement of the observed rest-frame Bband maximum brightness, m B , along with the measured stretch and a distance modulus, µ, we can determine the light-curve shape corrected peak absolute B magnitude, M ′ B . The choice of cosmological parameters for determining the distance modulus will slightly change the value of M ′ B . We choose to use the best-fit Sullivan et al. (2011) Flat wCDM values of (α, Ω m , w) = (1.451, 0.269, −1.061). We also use H 0 = 70.5 km s −1 Mpc −1 to match the analyses of FK11 and FSK11, but the choice of H 0 only affects the overall normalization. Choosing a Flat ΛCDM cosmology with Ω m = 0.3 makes little difference on the results of our analysis. We further adjust the absolute magnitude to account for the corre- There is a general trend that redder SNe are also fainter. Since we have already corrected for light-curve shape, this is presumably the result of dust reddening. We overplot the reddening law found by Foley & Kasen (2011) for the low-velocity sample 4 , which matches the general trend mentioned above. This reddening law is extremely similar to the color-correction trend βC used by SiFTO assuming the best-fit value for β from Sullivan et al. (2011) . We have performed our analysis using both relations, and our results do not change if we choose a particular relation.
As was done by FSK11, we use the color offset from the dust reddening line to determine the intrinsic B max − V max pseudo-color. Si II as a function of intrinsic B max − V max for the highredshift sample. As was seen in the low-redshift sample (FK11; FSK11), SNe Ia with higher-velocity ejecta tend to be intrinsically redder. The color and veloc-4 The reddening law was slightly adjusted to account for the high-redshift data using M B , while the low-redshift samples used M V . This required accounting for R B = R V + 1 and a slight offset in the magnitude of zero color. (2) It is somewhat surprising that the trend is statistically significant since a linear trend was not significant for the low-redshift sample (FSK11). Performing the same analysis for v 0 Si II , we find that 98.8% of the Monte Carlo realizations have a negative slope, corresponding to only a 2.5-σ result. Although this does not qualify as a statistically significant result, the best-fit line is similar to that of the low-redshift sample. The relatively small number of high-velocity events (11/40 SNe Ia with a v 0 Si II measurement have velocities above −11, 800 km s −1 ) likely contributes to the low significance. Additional high-redshift data should be able to determine if the linear relation is real.
Along with the linear analysis, we examine the v 0 Ca H&K and v 0 Si II samples after splitting them into low and high-velocity (using −14, 000 and −11, 800 km s respectively. For both measurements of the ejecta velocity, there is an ∼ 0.04 mag offset between the low and high-velocity average intrinsic colors that is significant at the 3.3 / 4.5-σ level. However, any linear relation between B max − V max and v 0 Ca H&K should underestimate the statistical difference by simply separating the sample into two velocity groups.
Finally, we perform K-S tests on the low and highvelocity subsamples. When comparing the velocity subsamples, the K-S p-values for the v Si II ) subsamples, respectively. This is similar to what was found for the FSK11 sample; however, unlike the FSK11 sample, the low-velocity high-redshift sample does not have a significantly smaller color scatter than the high-velocity sample.
Ejecta Velocity and Host-Galaxy Mass
It has long been known that SNe Ia in different hosts have different peak luminosities (e.g., Branch et al. 1996; Hamuy et al. 1996; Howell 2001) . The observed correlation between SN Ia host-galaxy mass, morphology, and star-formation rate and Hubble residuals (Hicken et al. 2009b; Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010) improves SN Ia distance measurements and points to a possible connection between SN Ia progenitor properties and SN luminosity that are not already removed by accounting for light-curve shape. The secondary effect is such that SNe Ia hosted in galaxies with M ≥ 10 10 M ⊙ are 0.05 -0.1 mag brighter than those with the same light-curve properties hosted in less massive galaxies after making initial corrections. Since the intrinsic color difference between low and highvelocity SNe Ia can cause an incorrect distance measurement, and thus absolute magnitude measurement, of the same order of magnitude, it is prudent to determine if SN Ia ejecta velocity is correlated with host-galaxy mass.
The correlation between ejecta velocity and hostgalaxy mass has not been investigated at any redshift. To increase our sample, we combine the high-redshift sample with the low-redshift FSK11 sample matched to the Conley et al. (2011) sample to provide consistent hostgalaxy mass measurements. This increases our sample by 14 and 23 SNe Ia for our v (2011) sample. These SNe either had no host-galaxy photometry available to the SNLS team or saturated the galaxy model at the high-mass end. Since most were low-redshift SNe, they were assigned to the high-mass bin and the probability that they were low mass was taken as a systematic uncertainty (A. Conley, private communication). The lack of an accurate mass estimate for these galaxies reduces their usefulness for our study, and we therefore exclude these SNe from our analysis. In the total combined sample, there are 67 and 63 SNe Ia with v One worry is that the relations between host-galaxy mass, stretch, and intrinsic color may cause the observed relation. Similar to what was found by FSK11, there is no correlation between light-curve shape and either ejecta velocity or intrinsic color for the high-redshift sample (ρ = −0.066 for stretch and v 0 Ca H&K ; ρ = −0.070 for stretch and (B max − V max ) 0 ). The correlation between stretch and v 0 Ca H&K is slightly larger for the combined low and high redshift sample (ρ = −0.111), but still not significant. The correlation between host-galaxy mass and stretch does not appear to be causing the correlation between host-galaxy mass and intrinsic color for our sample.
There is no significant linear relation between hostgalaxy mass and v 0 Ca H&K for our sample, but the signif- icance level warrants a further investigation with larger data sets. Splitting the sample at 10 10 M ⊙ , the low and high-mass samples have average v 0 Ca H&K of −15, 050 ± 140 and −14, 370±110 km s −1 , respectively. Using Equation 2, the velocity offset corresponds to an intrinsic color offset of 0.009 mag. If this is incorrectly attributed to dust, it would correspond to an error in a distance estimate of 0.018 to 0.027 mag for 2 ≤ R V ≤ 3.1.
There is no significant relation between v 0 Si II and hostgalaxy mass for our sample. Since v 0 Ca H&K is strongly correlated with intrinsic color and potentially correlated with host-galaxy mass, one might expect that intrinsic color and host-galaxy mass are correlated. We performed this analysis on the full Conley et al. (2011) sample and find no significant correlation.
DISCUSSION & CONCLUSIONS
Using the high-redshift sample, we identified 40 and 54 high-redshift SNe Ia with appropriate light-curve shapes, spectral phases, and spectral data quality to measure the maximum-light Ca H&K and Si II λ6355 ejecta velocities (v 0 Ca H&K and v 0 Si II ), respectively. We compare the distributions of ejecta velocity for the high-redshift sample to the distributions of the low-redshift FSK11 sample, finding no statistically significant difference in the distributions for the two samples. We measure the intrinsic B max − V max pseudo-color for the high-redshift sample. The ejecta velocity is highly correlated with (B max − V max ) 0 , such that SNe Ia with higher ejecta velocity tend to be redder. This is similar to what has been shown for the low-redshift sample (FK11; FSK11). We compare ejecta velocity to host-galaxy mass, finding a slight trend between the quantities such that SNe Ia hosted in lower-mass galaxies tend to have higher ejecta velocities than those hosted in higher-mass galaxies. The significance of this relation is still low, and future studies should examine this relation further.
A larger data set is required to determine if the average SN Ia ejecta velocity changes with redshift. This is particularly true for v 0 Si II , which is hampered by its relatively red wavelength. Near-infrared spectroscopy could increase the sample of SNe Ia with v 0 Si II measurements at high redshift.
The confirmation of the velocity-color relation at high redshift is an important step towards better cosmological measurements. Although the velocity-color relation affects some light-curve properties (Ganeshalingam et al. 2011; Cartier et al. 2011) , it is still unclear if one can infer the ejecta velocity or intrinsic color of SNe Ia from their light curves alone. Therefore, the most precise SN Ia distance measurements at all redshifts continue to require spectroscopy.
The asymmetric explosion model suggests that the distribution of measured ejecta velocities can be explained by asymmetric explosions and viewing explosions from different viewing angles (Maeda et al. 2010; Foley & Kasen 2011) . If this model is correct, our measured distribution of ejecta velocities for low and highredshift SNe Ia indicate that approximately the same amount of asymmetry is present at low and high redshifts, further indicating that SN Ia explosions do not evolve significantly from z = 0 to z ≈ 0.5. Regardless of symmetry, this result also indicates that the distribution of kinetic energy per unit mass is similar across this redshift range.
The tentative relation between ejecta velocity and host-galaxy mass may, if confirmed, provide insight into the relation between host-galaxy mass and Hubble residuals. Ejecta velocity is more directly connected to the SN properties than the host-galaxy mass, and might help the search for the physical driver of this relation.
Additional high-redshift data from SDSS-II and SNLS, which has already been obtained, will significantly increase this sample. Current and future high-redshift SN surveys such as Pan-STARRS, the Dark Energy Survey, and eventually the Large Synoptic Survey Telescope, will provide large samples of high-redshift SNe Ia. However, spectroscopy from other telescopes is required to further examine the relations between ejecta velocity, intrinsic color, and host-galaxy properties at high redshift. R.J.F. is supported by a Clay Fellowship. This work was started and completed while R.J.F. was visiting the Carnegie Observatories in Pasadena. He thanks J. Simon, J. Kollmeier, and E. Teague for facilitating this extremely stimulating visit. He thanks N. Sanders for providing comments and A. Conley for helping determine the fidelity of some of the data. Note. -Uncertainties shown in parentheses. a Spectrum not used to determine adopted maximum-brightness ejecta velocity.
